ABSTRACT Early type galaxies, ellipticals and S0's, have two distinct core density profiles, either a power law or nearly flat in projection. The two core types are distributed with substantial overlap in luminosity, radius, mass and velocity dispersion, however, the cores separate into two distinct distributions in their coarse grain phase density, Q 0 ≡ ρ/σ 3 , suggesting that dynamical processes played a dominant role in their origin. The transition phase density separating the two elliptical types is approximately 0.003 M pc
1. INTRODUCTION Early type galaxies, comprising ellipticals and S0s, form an impressively regular sequence with luminosity, as seen in the the Faber-Jackson relation (Faber & Jackson 1976) and generalized in the fundamental plane relation (Djorgovski & Davis 1987; Binney & Merrifield 1998) . The imaging resolution of HST has allowed central surface brightness profiles to be accurately measured of approximately 200 early type galaxies. Somewhat surprisingly, the cores of early type galaxies have two distinct surface density profiles, either a rising power-law near unity, or, a nearly flat density profile (Lauer et al. 1995 (Lauer et al. , 2007a Lauer 2012) . There are few galaxies intermediate between the two core types (Gebhardt et al. 1996; Lauer et al. 2007b ) although the two distinct core types occur in galaxies with a considerable overlap in luminosity and other bulk structural properties. A complementary core measurement is to identify a Nuclear Star Cluster (NSC) as the density excess, if present, relative to a fitted constant density core (Côté et al. 2006; Turner et al. 2012) . NSCs are most notably present in bulgeless late type galaxies (Böker et al. 2004; Walcher et al. 2005) . The cored and power-law galaxies have two separate Faber-Jackson relations (Lauer et al. 2007a; Kormendy & Bender 2013) . Cored galaxies have a much shallower velocity dispersion-mass relation, σ ∝ M β , of β 0.09 as compared to β 0.20 for power-law cores (Kormendy & Bender 2013) . The galaxies with power law cores generally rotate substantially faster than those with constant density cores (Lauer 2012) and have additional kinematic properties correlating with their rotation suggestive of dissipative processes (Emsellem et al. carlberg@astro.utoronto.ca hartwick@uvic.ca
2007, 2011).
The puzzle is how did this dichotomy of power law and cored early type galaxies develop in the otherwise fairly regular set of early type galaxies. High redshift progenitor galaxies may largely form with power-law cores Loose et al. (1982) although specific models likely have too steep a Faber-Jackson relation (McLaughlin et al. 2006; Antonini 2013 ). Kormendy & Bender (2013) present observational arguments for a scenario in which subsequent nearly dissipationless major merging dominates the formation of the most massive early type galaxies, as indicated by the very slow rise of central velocity dispersion with increasing mass. If both of the merging galaxies contained super-massive black holes, they will then spiral down to the center to become black hole binary pairs (Begelman et al. 1980 ) which scour out a power law core (Ebisuzaki et al. 1991; Quinlan & Hernquist 1997; Faber et al. 1997; Milosavljević & Merritt 2001) to create a much shallower density distribution. An alternate view is that core mass is built up as globular clusters were dragged into the centers of galaxies (Tremaine et al. 1975 ). Although the current globular cluster population is insufficient to provide the required mass, it is likely that at high redshift significantly more high mass clusters were present, which evolved under the action of various dynamical processes that have been studied and tested extensively (Murali & Weinberg 1997a,b; Fall & Zhang 2001; McLaughlin & Fall 2008; Gieles 2009; Larsen 2009; Chandar et al. 2010; Fall & Chandar 2012) . Allowing for the evolution of the globular cluster population and the density evolution of their host galaxies can build up all of the nuclear star cluster mass in galaxies with stellar masses below about 10 11 M (Antonini et al. 2012; Antonini 2013) . Gnedin et al. (2013) predict that the resulting fractional mass in the core should vary as the inverse square root of the stellar mass of the galaxy. There is a possibility that high Q, low velocity dispersion, NSCs may core collapse to black holes (Miller & Davies 2012) however few systems seem to have appropriate parameters for this mechanism to be effective (Breen & Heggie 2013) .
Super-massive black holes are closely connected to galaxy cores. There are well known correlations between the velocity dispersion of ellipticals and their black holes (Magorrian et al. 1998; Ferrarese & Merritt 2000; Gebhardt et al. 2000) which implies some degree of correlation with the globular cluster population. However, it is surprising that the correlation between the mass of the black hole and the globular cluster numbers or total mass is tighter than the galaxy correlation (Burkert & Tremaine 2010; Harris & Harris 2011; Sadoun & Colin 2012) . There is no significant dependence of the black hole-globular cluster relation on core-type (Pota et al. 2013) .
The coarse grain core phase density of a dynamical system can be defined as,
where ρ 0 is the core phase mass density and σ 0 is the one dimensional core velocity dispersion, usually taken as the observed value along the line of sight, possibly adjusted to reflect any expected anisotropy. The phase density Q controls the rate of two-body relaxation and dynamical friction, along with the characteristic masses of the orbiting bodies and a modifying factor of order unity dependent on the ratio of the orbital velocity to the velocity dispersion (Binney & Tremaine 2008) . Liouville's theorem (Goldstein et al. 2002) requires that the fine grain phase density, F , is conserved in a conservative Hamiltonian system, with the coarse grain phase density evolving so that Q ≤ F . Early type galaxies with shallow projected density profiles in their cores have 3D density profiles with density profiles near to r −1 , which are largely preserved in collisionless merging and the local Q values rise to the center (Taylor & Navarro 2001) .
Here we calculate the phase density of spheroidal systems to consider its correlations with other observed dynamical properties as a way of testing ideas for the origin of the bimodal distribution of core types in massive spheroidal galaxies.
2. THE OBSERVATIONAL DATA In order to compare the core coarse grain phase space density between different systems, measurements of core density, core velocity dispersion, core radius and core mass are required. The different types of systems have a range of density profiles and somewhat different approaches to measurement are used, meaning that the phase densities will have small systematic differences between them although we expect these to much smaller than the large range of Q 0 values present.
Globular clusters
In this work we will assume that the Milky Way globular clusters are representative of the group as a whole. For these clusters, core radii and central velocity dispersions come from the 2010 edition of the compilation of Harris (1996) . Core densities then follow from,
and taking the core to be constant density, the core mass is simply,
In the following figures globular cluster data are plotted as solid black dots.
Disk Galaxy Nuclear Star Clusters
The data for the nuclear star clusters in disk galaxies comes from the work of Böker et al. (2004) and Walcher et al. (2005) . There are six galaxies in Table 3 of Walcher et al. (2005) for which values of the profile fitted r e are available in the Böker et al. (2004) paper. Densities for these galaxies were calculated using Equation 2 above but with r c ≡ r e /0.75 (that is, the r h of Walcher et al. (2005) ). Q 0 for each galaxy can then be calculated from the tabulated values of σ. In the figures these six galaxies are plotted as solid green dots. For the remaining galaxies in the Böker et al. (2004) Table 1 with r e values, core masses were calculated from the given luminosities and an assumed M/L of 0.5 which is the median value in Table 3 of the Walcher et al. (2005) paper. Velocity dispersions were obtained using the following empirically determined relation by fitting to the data in Table 3 of Walcher et al. (2005) ,
The resulting empirically determined values of Q 0 are plotted as green crosses in the figures.
Elliptical and Early type Galaxies
The data for the early type galaxies comes from the works of Lauer et al. (2007a) and Lauer et al. (2007b) . Table 1 of Lauer et al. (2007a) gives values of σ and r γ which we identify here as r c . The "Nuker" fitting profile (Lauer et al. 1995; Carollo et al. 1997; Lauer et al. 2007b ) is used to derive r γ (our r c ) from HST photometry. The preferred value of the inner slope is the observational quantity γ which is the observed brightness profile slope at the angular resolution limit of the HST data. The density ρ 0 follows from Equation 2 and the core mass, M c , of the galaxies classified as core galaxies follows from Equation 3. For the power-law galaxies the core mass as a 3D calculation is,
where γ , measured from the surface brightness, comes from table 2 of Lauer et al. (2007b) and we increase the slope by unity to convert from a 2D to a 3D slope. Core mass excesses, ∆M are calculated as M pl −M c , the power law core mass minus the mass in a constant density core. The data is plotted in the r c vs σ 0 observational plane in Figure 1 . Power-law cores are plotted as blue dots and cored galaxies as red dots. We note that in this plot the various types of objects have substantial overlap when projected onto any one axis. There is also substantial mass overlap between the various object types.
CORE PHASE DENSITIES
The core phase densities of early type galaxies, nuclear star clusters and globular clusters are shown in Figure 2 as a function of the calculated core mass. As a group the objects appear to form a single sequence in this particular dynamical space, with the nuclear star clusters bridging globular clusters and early type galaxy cores. It is also interesting to note that the scatter decreases with mass and lower Q values.
Distribution of Early Type Galaxy Cores with Q c
In Figure 3 we show the distribution of the two core types as a function of their phase space density. Remarkably the phase density quite cleanly separates the cored and power-law ellipticals into two almost nonoverlapping distributions. The distributions of the two core types in velocity dispersion, core size, core mass, or total object properties like absolute magnitude (Kormendy & Bender 2013) show much more overlap between the two core types. Lauer (2012) shows that core type correlates well with the rotation parameter calculated from the sub-sample of ellipticals with good rotation maps (Emsellem et al. 2004 ). Consequently, we expect that the rotation parameter should correlate well with core phase density, which it does, as shown in Figure 4 . The transition from power-law cores to constant density cores occurs near Q 0.003 M pc −3 km −3 s 3 . These data also show less distinct transitions from globular clusters to NSCs and from NSCs to power-law galaxies. We expect that the globular cluster to NSC transition will depend on redshift, and, and to some degree on the definition of NSC and power-law core. Recall that the NSC sample used here is only for late type galaxies.
Distribution of Black Hole-Core Mass Ratios
Early type galaxies and black holes are closely connected. Super-massive black holes pairs that come together after two progenitor galaxies merge will quickly sink into the core. Stars that encounter the pair can be ejected from the core to"scour" stars out of a power law core and produce a much shallower density profile (Ebisuzaki et al. 1991; Faber et al. 1997; Milosavljević & Merritt 2001 ). The process preferentially depletes stars on radial orbits to leave a relatively tangential velocity ellipsoid in the core (Quinlan & Hernquist 1997; Milosavljević & Merritt 2001; Antonini et al. 2012 ) that has been detected in observations (Thomas et al. 2013) . However, in the presence of a single central black hole the core tends to maintain a power-law density structure (Merritt 2009). Black hole masses are available in Graham & Scott (2013) and McConnell & Ma (2013) . Although these galaxies are a subset of those with Lauer et al. (2007b) core density measurements, there is no clear bias other than the size and distance considerations needed to allow a black hole mass measurement. Figure 5 shows the ratio of the derived black hole mass to our estimated core masses as a function of their core phase densities. There is no overlap in Q 0 between the two core types for the available sample. The high Q 0 , power-law core early types have core masses comparable to the black hole mass, and are clearly within the black holes sphere of gravitational influence (Milosavljević & Merritt 2001 ). On the other hand cored galaxies have much more massive cores on the average, with an average value M c /M BH ∼ 10. A single binary black hole pair ejects only a few times the resulting merged black hole mass, so large M c /M BH ratios require multiple mergers to create large core mass to black hole mass ratios (Faber et al. 1997; Milosavljević & Merritt 2001; Dullo & Graham 2013) .
IMPLICATIONS OF CORE PHASE DENSITIES
The distribution of phase densities shown in Figure 3 separates power and core ellipticals into two groups with almost no overlap, possibly a sign that the dominant physical processes shift with the phase density to create the two different core density profiles. The separation of core types is not clear in velocity dispersion or total luminosity or mass. A stochastic process, like galaxy merging, would not, by itself, lead to such a clear separation.
To give a sense of how we expect Q to correlate with mass we combine Equations 1 and 3 to give Q 0 ∝ σ and use Equation 2 to eliminate the density then,
Dissipationless merging of equal mass galaxies gives β = 0 in the simple analytic model (Naab et al. 2009 ). Nbody simulations for the bulk of the galaxy find β 0.1 for equal mass mergers and values as small as β = −0.8 for minor mergers (Naab et al. 2009; Hilz et al. 2012) , although these values will not necessarily apply to the cores. The power-law cores have a Q 0 − M c slope from 72 points −1.109 ± 0.064 whereas the 105 cored early type galaxies have −1.641 ± 0.025. Kormendy & Bender (2013) find Faber-Jackson relationships, L ∝ σ n 0 , where their n = 1/β, of n 3.74 for power law galaxies and 8.33 for cores. Accordingly we would expect Q 0 −M c slopes of -1.20 and -1.64, essentially exactly equal to what we find. These two slopes are luminosity slopes, as is appropriate for the measurements of surface brightness and for cores where the M/L variation with luminosity likely does not need to correct for varying dark matter contents, as is appropriate for the body of the galaxies.
Dynamical Times in Dense Cores
The phase space density determines the time for twobody relaxation (Binney & Tremaine 2008) . We adopt the parameter choices of Merritt (2013), his Equation 
5.61, to find,
A relaxation time of 10 9 yr for a population of m = 1 M stars occurs for Q = 1.1. Figure 2 show the well known result that many globular clusters have relaxation times less than 10 10 years, and that galaxy cores generally have little stellar two-body relaxation over a Hubble age. For power-law cores with black holes, the cores have masses comparable to the black holes, Figure 5 , in which case interaction with the black hole could have played a significant role in building and maintaining the core density profile as discussed above.
The time scale for dynamical friction depends linearly on the phase space density and the mass of the inspiraling satellite (Binney & Tremaine 2008) . We again use the parameters of Merritt (2013) 
where G(v/σ) is a slowly varying function with a value of 0.347 for v/σ = √ 2, roughly as expected for an inspiralling satellite. For a 3 × 10 5 M globular cluster to spiral in within a 10 10 yrs requires that it orbit in a region with a local Q > 4 × 10 −6 M pc −3 km −3 s 3 , although this ignore the complications of orbits. Therefore, the most massive early type galaxies, those with cores larger than about 200 parsecs, for 3 × 10 5 M clusters, will never be able to have significant numbers of globulars of this mass and below spiral in from outside the core. Of course more massive clusters can be drawn in from proportionally larger radii. As emphasized in Gnedin et al. (2013) there are insufficient globular clusters within the current dynamical friction radius to create a power-law core, however the denser early type galaxies and mass enhanced globular cluster populations would have been sufficient to build up a power law core. They specifically predict that the built up mass should increase in proportion to inverse square root of the galactic stellar mass, which we examine below.
Ellipticals at fixed mass are, on the average, smaller and denser at higher redshift (van Dokkum et al. 2010; Damjanov et al. 2011) leading to higher characteristic phase densities in the past. van Dokkum et al. (2010) quantifies size evolution of massive galaxies using a sample with a fixed number density of galaxies, whereas the Damjanov et al. (2011) approach to the evolution of quiescent galaxies first normalizes the galaxy sizes to their mass-size relation, then quantifies the redshift evolution, finding, respectively, size evolution of R ∝ (1 + z) −1.27 and (1 + z) −1.62±0.34 . Although the samples are somewhat different the results are basically consistent with each other. Remarkably the high redshift galaxies remain on the same mass fundamental plane, showing at most a small evolution (Bezanson et al. 2013) . That is, as early type galaxies grow in mass, they move along the fundamental plane, which remains constant. The growth is likely similar to the way dark matter halos themselves grow, which in phase space is remarkably well modeled with a generalized accretion solution (Bertschinger 1985; Taylor & Navarro 2001) which is a power law in radius. An important implication is that the phase density at a given physical radius does not change much with redshift, although the phase density at the characteristic radius of a fixed mass galaxy varies approximately as the radial expansion to the − 3 2 power.
Core Phase Density Evolution Pathways
One possible pathway to early type cores is that they are initially formed with relatively flat density profiles, possibly as a result of merging of disk galaxies at high redshift. Taking high redshift disk parameters of Σ 10 3 M pc −2 (with some fraction as stars), z 0 300 pc, and σ 80 km s −1 (Genzel et al. 2011) , which gives a representative central disk Q 0 ∼ 3 × 10 −6 M pc −3 km −3 s 3 . Merging such stellar disks would create an initial core Q ∼ 10 −6 M pc −3 km −3 s 3 , if about 1/3 of the gas eventually turns into stars and the rest of the central gas is driven away. Dissipationless merging of the stellar components of such disks would create galaxies with core phase densities comparable to the most massive, lowest Q 0 , early type galaxies (Carlberg 1986) . Interestingly the phase density is so low that only the most massive globular clusters can be drawn into the core. Of course accompanying star formation, or, merging less massive disks which have higher phase densities could help to build up cores . -The percentage core mass excess above a constant density core relative to the galaxy mass as a function of the galaxy mass. Only the power-law galaxies (blue points) are fitted to the curve. Gnedin et al. (2013) predict that the excess mass in the core relative to the galaxy mass should be proportional to the inverse square galaxy mass, comparable to the excess mass-velocity dispersion relation of Antonini (2013) . To test this prediction we calculate ∆M c as the difference between Equations 5 and a constant density core. The resulting ∆M c relative to the total stellar mass, are displayed in Figure 6 . Fitting only to the power-law core galaxies, we find that the best fit logarithmic slope is −0.34 ± 0.08, within 2 standard deviations of the prediction. There is a very large scatter around the line, with a correlation coefficient of r = −0.46, which may be explained as galaxies having varying globular cluster populations or radial distributions different than the assumption that the clusters follow the stellar mass. Figure 7 scales the Q-mass relation with the core mass squared. The Naab et al. (2009) analytic model predicts that equal mass non-dissipative merging will move galaxies horizontally with high resolution simulations (although accurately modeling core dynamics is a challenge) finding a small positive slope. Minor mergers largely act to puff up the host galaxy, so lead to a drop in velocity dispersion. Collisional and dissipative merging are less well constrained, with the outcome being completely dependent on how much energy is transported out of the core region. Figure 7 shows that two separate sequences of objects are readily visible. The early type galaxies with cores are largely consistent with being predomi- nantly the outcome of major merging with accompanying core scouring. The minor mergers which are required to puff up the outer parts of the galaxies may not have remnants that survive all the way to core. The early type galaxies with power-law cores are a continuation of the sequence from globular clusters and nuclear star clusters, where two-body collisions play important roles in the evolution of their density profiles, with Q ∝ M −1 , approximately, which indicates that collisional and dissipative processes must be important along this sequence to allow an increase in core phase density above the collisionless merging sequence.
The physical density as a function of radius in all power law cores approaches an isothermal profile, that is γ 1. All early type cores lie close to Q 0 ∝ r −2 c , as shown in Figure 8 . That is, all power-law cores have a fairly similar physical dependence of their phase density on physical radius as is required to give a stable state in the presence of Q dependent transport processes. We note that late type galaxy NSCs are intermediate between the globular cluster sequence (largely the most massive clusters) and the low mass end of the powerlaw cores. This may partially reflect differences in measurement approach, but also may also be indicating a path from globular clusters to power law cores. The trade-off between ρ and σ varies, see Figure 1 , and the core size varies from galaxy to galaxy. The best fit relation is Q 0 = (1.5 ± 0.2)r −2.19±0.07 c . For any process driven only by the local Q, for instance two-body re- gives a constant flow with radius (specific considerations are globular clusters, Lynden-Bell & Wood (1968) , and stars around a black hole, Bahcall & Wolf (1976) ). The slope might also be a modified accretion outcome for stars inside dark matter halos, similar to the coarse grain phase space density r −2.25 dependence for pure infall (Bertschinger 1985) and r −1.875 for the virialized regions of purely dark matter halos (Taylor & Navarro 2001; Ludlow et al. 2010 ) (which also produces a central tangentially biased core velocity dispersion). Although twobody relaxation is not significant in power law early type galaxies at low redshift, we can speculate that the denser galaxies, with possibly smaller cores, and younger, more massive stars at higher redshifts where early type galaxies are largely built would allow two-body relaxation to be important.
The globular cluster inspiral model (Antonini et al. 2012; Gnedin et al. 2013 ) for core-mass buildup can be viewed through phase space side-stepping the complications of the density evolution of galaxies. As discussed above, the maximum radius from which globular clusters can be brought is regions with Q 4 × 10 −6 M pc −3 km −3 s 3 , which Figure 8 and our fit find to be about 350 pc, for clusters of 3 × 10 5 M . The relation for the cored galaxies is M c = 10 7.13 × (r c /1pc) 1.25 , which for r c = 350 pc gives an interior stellar mass of 2.0 × 10 10 M , which can also be read off Figure 2 . For the current globular cluster to galaxy mass ratio of approximately 0.001 this radius provides only a small mass of globular clusters that will spiral in. However for the enriched early globular cluster mass fraction of 0.04 that Gnedin et al. (2013) advocate, the accreted mass will be 8 × 10 8 M which spirals down the centre to build a core of that mass. Referring to Figure 2 we see that this mass is where the transition value of Q s 0.003 that separates power-law from cored early type galaxies occurs. Outside the core the stellar density distribution that is providing the friction generally falls faster than the core mass -core radius relation so smaller cores, which have higher Q 0 , will bring in fewer clusters. Since the available globular cluster mass is proportional to the galaxy mass, the inspiralled globular cluster mass will scale in proportion to the core mass, Figure 9 . The dynamical stirring of the clusters as they fall into the building core and their extended time tidal disruption likely helps to build a power law core. 5. CONCLUSIONS To help understand the core properties of early type galaxies, we calculate the core phase densities of globular clusters, nuclear star clusters of late type galaxies and spheroidal galaxies. Our main empirical result is that there are two phase space density sequences, with a relatively sharp transition between the two in phase space which is not readily visible in mass or the kinematic parameters. Our phase space density approach is intended to be useful in interpreting some of the broad regularities of the cores of early type galaxies, but does not replace detailed dynamical calculations. The transition from power-law and cored elliptical occurs around Q 0 0.003 M pc −3 km −3 s 3 . For a typical globular cluster mass of 3 × 10 5 M , located in regions with Q 4 × 10 −6 M pc −3 km −3 s 3 will spiral in within a Hubble time to build up the core. Cores with this phase density contain about 2 × 10 10 M of stars. A high redshift globular cluster population enriched to approximately 4% of the stellar mass contains 8×10 8 M of cluster mass which can spiral down to create a core. This core mass has a phase density close to the transition value between power-law and cored early type galaxies. Besides providing an empirical route in substantial accord with the detailed calculations of the accreted globular cluster mass of Gnedin et al. (2013) the identification of a mechanism to create the bimodal distribution in phase space adds an extra argument in favor of cluster inspiral as a major mechanism to create power-law cores in early type galaxies.
